Abstract. GTI-2501 is a 20-mer oligonucleotide that is complementary to a coding region in the mRNA of R1, the large subunit of ribonucleotide reductase (RNR). In vitro studies, have demonstrated that GTI-2501 decreases mRNA and protein levels of R1 in a sequence-specific and dosedependent manner. Furthermore, GTI-2501 inhibits the growth of human lung, liver, ovary, brain, melanoma, breast and pancreatic tumor cells in colony forming assays. In vivo studies have shown that GTI-2501 significantly inhibits growth of human colon, pancreas, lung, breast, renal, ovarian, melanoma, brain glioblastoma-astrocytoma, and prostatic tumors in CD-1 nude, Balb/c nude and/or SCID mice. GTI-2501 treatment caused total regression of human breast and renal tumor xenografts in mice. These effects are not observed with a scrambled control oligonucleotide containing the same base content but not complementary to R1. GTI-2501 specifically inhibits metastasis of human melanoma cells to the lungs in CD-1 athymic nude mice and prolongs the survival of mice bearing human lymphoma. Taken together these results suggest that an antisense mechanism of action is responsible for growth inhibition in vitro and in vivo and that GTI-2501 can act as a selective and specific anti-tumor agent.
Introduction
In 2005, it is expected that 1,372,910 new cases of invasive cancer will be diagnosed in the United States and 570,280 people are expected to die from cancer (American Cancer Society, Facts and Figures 2005) . Current therapeutic approaches to cancer include surgery, radiation, chemotherapy, hormone and cytokine therapy. Each of these therapies has limited efficacy and can result in toxicity to normal cells. Thus, there is a need for therapies that specifically target tumor cells thereby having more favorable safety profiles. Several therapeutic agents are currently used which inhibit ribonucleotide reductase (RNR) as part of their mechanism of action. These include hydroxyurea (Hydrea ® , Bristol-Myers Squibb and Hydroxyurea Capsules, Roxane), gemcitabine (Gemzar ® , Eli Lilly) and fludarabine (Fludara ® , Berlex). Gemcitabine and fludarabine are not specific inhibitors of ribonucleotide reductase and treatment results in significant side effects that limit their effectiveness. Hydroxyurea is a reversible inhibitor of RNR that requires relatively high concentrations to be effective.
Ribonucleotide reductase catalyzes the reaction in which 2'-deoxyribonucleotides (dADP, dGDP, dUDP, and dCDP) are synthesized from the corresponding ribonucleoside 5'-diphosphates (ADP, GDP, UDP, and CDP). This step is the rate-limiting reaction in the production of 2'-deoxyribonucleoside 5'-triphosphates required for DNA replication (1) . RNR consists of two protein components. R1 is a 160-kDa dimer that contains at least two different effector-binding sites and R2 is a 78-kDa dimer that contains a non-heme iron that participates in catalysis by forming an unusual free radical on the aromatic ring of a tyrosine residue. Expression of both R1 and R2 are required for enzymatic activity. Interestingly, R1 and R2 are encoded by different genes located on separate chromosomes and the mRNAs are differentially expressed throughout the cell cycle (2, 3) . Consequently, the level of R1 protein remains relatively stable throughout the cell cycle, while R2 is only expressed during late G1/early S phase, when DNA replication occurs. RNR activity is regulated by the amount of enzyme present in the cell and by allosteric control mechanisms involving positive and negative effectors (1, 4) .
Recently, an R2 paralogue, p53R2, was identified that is induced by DNA damage (5-7). Expression of p53R2 is regulated by p53, via a p53 binding sequence in intron 1 of the p53R2 gene. UV and Á radiation and adriamycin treatment induce p53R2 expression, but not R2, in a p53-dependent manner. In addition, p53R2 can form an active ribonucleotide reductase complex with R1, suggesting that R1 may be the endogenous partner of p53R2 (8) . The identification of an alternate small subunit for the RNR complex may explain the previously observed differential expression of R1 and R2.
Several recent studies provide renewed interest in targeting RNR in the development of anti-cancer and anti-HIV therapeutics (9) (10) (11) (12) (13) . Antisense oligodeoxynucleotides (AS-ODN) are currently being studied for their potential use as therapeutic agents for a variety of diseases including cancer (14) (15) (16) . One antisense compound, fomiversen, has been approved for use in treating cytomegalovirus-induced retinopathy in AIDS patients. AS-ODNs are short DNA molecules that can interfere with gene expression by forming duplexes with complementary sequences of target messenger RNAs (mRNAs) (17, 18) . While the exact mechanisms involved are not understood, binding of AS-ODNs to mRNA may cause mRNA inactivation by sterically hindering mRNA interaction with ribosomes, spliceosomes and/or regulatory binding proteins. Alternatively, AS-ODN binding may induce degradation of the resulting RNA/DNA hybrid by the action of RNase H. Given the gene specific mechanism of action of such compounds it is expected that they will be less toxic than conventional chemotherapeutic agents (15, 17, 18) .
In the present study, 103 oligonucleotides complementary to R1 were screened for the ability to decrease R1 mRNA levels in vitro. One AS-ODN, GTI-2501, was further characterized in in vitro and in vivo assays for anti-tumor activity. The results presented here provide evidence that GTI-2501 acts in a sequence-specific, dose-dependent manner to downregulate R1 with a concomitant decrease in proliferation, tumor growth and metastasis. Given these data, GTI-2501 shows promise as an anti-tumor drug candidate.
Materials and methods
Oligonucleotide synthesis. All oligonucleotides used in this study were fully thioated. They were synthesized on an automated DNA synthesizer (Perkin-Elmer, USA) by Boston BioSystem Inc. (Boston, MA). Oligonucleotides were purified and purity was assessed by reversed-phase high performance liquid chromatography. Each oligonucleotide preparation was found to be >95% full-length material. GTI-2501 hybridizes to the coding region of R1 mRNA. Two mismatched control analogues of GTI-2501 (GTI-2501misA and GTI-2501misB) contain 2 base changes in the middle of GTI-2501 sequences. Scrambled control analogues of GTI-2501, GTI-2501scrA-C not complementary to R1, while keeping the same base composition ratio as GTI-2501, were synthesized. Table I shows the sequence of each oligonucleotide and the figure legends indicate which were used for each experiment.
Cell lines and cell culture. Unless otherwise indicated in the text human tumor cell lines were purchased from the American Type Culture Collection (ATCC; Rockville, MD). Colon adenocarcinoma (HT-29), non-small cell lung carcinoma (NCI-H460), melanoma (A2058), breast adenocarcinoma (MDA-MB-231), pancreatic adenocarcinoma (AsPC-1, SU.86.86), glioblastoma-astrocytoma (U-87 MG), renal carcinoma (A-498 and Caki-1), ovarian adenocarcinoma (SK-OV-3), prostate adenocarcinoma (DU 145, PC-3), hepatocellular carcinoma (Hep G2), cervical squamous carcinoma (SiHa), and Burkitt's lymphoma (Raji) cells were maintained, according to ATCC recommendation, in ·-MEM, RPMI-1640 or McCoy's 5a medium (Gibco-BRL, Gaithersburg, MD) supplemented with 10-20% fetal calf serum (FCS) at 37˚C in a humidified atmosphere containing 5% CO 2 . C8161 metastatic melanoma cells were a gift from Dr D.R. Welch, University of Pennsylvania, Hershey, PA, and were maintained as above (19) . All media used in these experiments also contain an antibiotic-antimycotic solution at a final concentration of 100 units/ml penicillin and 100 μg/ml streptomycin (Gibco-BRL). Normal human cell lines, WI-38 (human embryonic lung fibroblast) and HUVEC (human umbilical cord vascular endothelial cells) cells were maintained as above.
Oligonucleotide treatment of the cells in culture. Cells were seeded into 60 or 100 mm tissue culture dishes and grown to sub-confluency (75-85%). Subsequently, the cells were washed with phosphate-buffered saline, pH 7.2 (PBS) and treated with oligonucleotides in the presence of cationic lipid (Lipofectin reagent, final concentration of 5 μg of DOTMA/ DOPE/ml, Gibco-BRL) for 4 h. After the incubation period, the media containing oligonucleotides were removed and cells were washed once with PBS. The cells were then cultured in growth medium for the duration indicated in the text.
Colony forming assay. Colony forming ability of cells treated with oligonucleotides was estimated as previously described (20) . Briefly, aliquots of cell suspension were seeded into 60 mm tissue culture dishes at a density of 1x10 4 /dish, incubated overnight at 37˚C, washed once in 5 ml PBS and treated with oligonucleotides as above. The oligonucleotides were removed by washing once with PBS and the cells were cultured in appropriate growth medium for 7-10 days. Surviving colonies of ≥50 cells were visualized by methylene blue staining and scored by direct counting (20, 21) .
Measurement of R1 protein levels.
To measure the effect of GTI-2501 on R1 protein level, Western blot analysis was conducted as previously described (21, 22) . Briefly, cells were treated with the indicated concentrations of oligonucleotides for 4 h, incubated for 8-18 h, washed once with PBS and whole cell protein extracts were prepared in 50-150 μl of Table I . Oligonucleotide sequences.
CTC TAG CGT CTT AAA GCC GA GTI-2501misA CTC TAG CTG CTT AAA GCC GA GTI-2501misB CTC TAG CGT CAT ATA GCC GA GTI-2501scrA
ACT GCA GCC TAT ATG CAG CT GTI-2501scrB ACG CAC TTA GCT AGT GAC TC GTI-2501scrC Immunoprecipitation was performed using saturating amount of AD203 anti-R1 monoclonal antibody as previously described (21) . Briefly, cells were treated as described above, washed with PBS, labeled with 35 S-methionine for 4-7 h and cell extracts prepared by lysis in SB250 buffer (250 mM NaCl, 25 mM Tris-HCl, pH 7.5, 5 mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate). R1 protein was specifically immunoprecipitated by incubation with saturating amounts of R1 antibody followed by incubation with formalin-fixed staphylococcus aureas cells (Pansorbin, Calbiochem). The isolated protein was resolved on 12% SDS-PAGE gel and visualized by autoradiography.
Measurement of R1 mRNA levels. To measure the effect of GTI-2501 on R1 mRNA levels, Northern blot analysis was conducted as previously described (23) . Briefly, cells were treated as described above and total cellular RNA was prepared using TRIzol reagent (Gibco, Gaithersburg, MD). Total cellular RNA (10-20 μg) was resolved on 1.0% denaturing formaldehyde agarose gel and transferred to nylon membrane using capillary transfer. The blots were hybridized with a 32 P-labeled R1 fragment (24) and R1 mRNA was visualized and quantified using autoradiography or phosphorImager analysis (Molecular Dynamics, Sunnyvale, CA). Either glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA or ribosomal RNA levels were simultaneously probed or stained with methylene blue, respectively, for RNA loading controls.
In vivo treatment with antisense oligonucleotides. CD-1 athymic female nude mice, BALB/c nu/nu nude mice, SCID, and SCID/beige mice were purchased from Charles River Laboratories (Montreal, Canada). Unless otherwise indicated, experiments began when the mice were 6-7 weeks old. Human tumor cells were grown in appropriate growth medium and 3x10 6 -1x10 7 cells suspended in 100 μl of PBS were subcutaneously injected into the right flank of the animals with a 23-gauge needle. Each experimental group typically contained 5-10 mice. Treatment started after the size of tumor reached a volume of 50-100 mm 3 . Antisense oligonucleotides (dissolved in saline) were administered by bolus infusion into the tail vein every other day at the indicated dose. Treatments with 5-fluorouracil (5-FU; Pharmacia), vinblastine (Faulding) and gemcitabine (Eli Lilly) were as indicated in the figure legend. Anti-tumor activity was estimated by the measurement of tumor volume with calipers at 2-day intervals. Tumor volume was calculated by a formula, L x W x H/2, where L indicates length, W indicates width and H indicates height of the tumor (25) (26) (27) . Within 24 h after the last treatment, the animals were sacrificed and tumor and body weights were measured.
Experimental metastasis assay. C8161 human melanoma cells were seeded into 100 mm tissue culture dishes at a density of 2x10 6 /dish and incubated overnight at 37˚C in ·-MEM medium supplemented with 10% FBS. The cells were trypsinized, collected by centrifugation and aliquots were removed from the suspension to determine cell viability using trypan blue exclusion test. Approximately 1x10 5 cells suspended in 0.1 ml of PBS were injected into the tail veins of 6-8 weeks old CD-1 athymic female nude mice. Treatment, as indicated in the figure legend, was initiated after 1 day. Estimates of the number of lung nodules were made 50 days following injection of tumor cells, after excised lungs from individual mice were stained with picric acid dye solution (75% picric acid, 20% formaldehyde, 5% glacial acetic acid).
Lymphoma survival assay.
Viable human Burkitt's lymphoma (Raji) cells (5x10 6 ) collected from sub-confluent logarithmically growing cultures were injected intravenously into the tail vein of SCID mice and disease was allowed to establish for 2 days. Oligonucleotides, in normal saline, were administered by tail vein injections every second day at a dose of 10 mg/kg. Control animals received saline alone, without oligonucleotide or scrambled control. Each treatment group typically contained 10 animals. Treatment with oligonucleotide was stopped as indicated in the figure legend. The anti-tumor efficacy of each treatment was assessed by the examination of the survival of the mice. Survival is reported as a percentage of the starting number of mice in the treatment group.
Densitometry. Results were quantified using Bio-Rad GelDoc System and Bio-Rad Quantity One quantitation software (ver. 4.3.0).
Results

R1 protein levels are elevated in cancer cell lines.
Earlier studies have demonstrated elevated RNR levels and activity in tumors and tumor cell lines (28,29; Saeki et al, Proc ASCO 16, 1997) . To assess whether this is a general phenomenon of cancer cells, the R1 protein levels were examined in two normal and cancer cell lines derived from diverse cancer types, including renal, skin, colon and breast cancer cell lines (Fig. 1) . GAPDH protein expression was determined as an internal reference. Consistent with its role in cancer progression, R1 levels were elevated in all of the tumor cell lines tested. The increase in R1 varied from 1.4-to 14-fold, compared to HUVEC cells, and 1.8-to 17-fold, compared to WI-38 cells. In addition to the above cell lines R1 levels were assessed in Colo205, Colo320HSR, C8161, G401, HCT116, MM-RV and RD cells. R1 levels were elevated 2-to 15-fold in these cell lines compared to WI-38 normal cells (unpublished data). These data support the targeting of R1 for down-regulation via antisense compounds.
GTI-2501 displays dose-dependent anti-proliferative activity in vitro.
One hundred and three oligonucleotides complementary to R1 were screened for the ability to downregulate R1 mRNA and protein expression, decrease proliferation of cancer cells in culture and decrease tumor cell growth in xenograft tumor models. In all cell lines tested one oligonucleotide, designated GTI-2501, produced at least 50% inhibition of cell proliferation as assessed by colony forming assays (Fig. 2A) . Inhibition of proliferation by GTI-2501 was dose-dependent reaching a maximum at 0.1 μM in the breast cancer cell line MDA-MB-231 (Fig. 2B) . GTI-2501 was also highly effective in down-regulating the target mRNA and protein and in decreasing growth of tumor xenografts. Although sequence specificity was not evaluated in the preliminary broad screening, the results suggested that GTI-2501 would be a good lead candidate compound for further analysis.
GTI-2501 specifically inhibits expression of R1 mRNA and protein in vivo and in vitro.
A limitation of most in vitro proliferation assays is that cells in culture can be sensitive to the PS-AS-ODNs backbone (unpublished data). As such, these assays are only appropriate for excluding PS-AS-ODNs that do not demonstrate any activity prior to in vivo screening. In order to invoke an antisense mechanism of action, there must be a correlation between anti-proliferative activity and target down-regulation. HT-29 and MDA-MB-231 cells were treated with GTI-2501, mismatched and scrambled control sequences. Treatment with GTI-2501, but not control oligonucleotides resulted in a significant decrease in R1 mRNA Northern blot analysis was performed to determine if GTI-2501 treatment of human tumor cell lines had an effect on R1 mRNA levels. HT-29 and MDA-MB-231 cells were treated with Lipofectin alone or 0.2 μM GTI-2501, GTI-2501misB or GTI-2501scrA (2 independent treatments) as described in Materials and methods. 18S rRNA levels were simultaneously probed for RNA loading controls (bottom panels). (B) To examine the target and sequence specificity of inhibition of R1 mRNA by GTI-2501, Northern blot analyses of other cellular RNA levels in A2058 human melanoma cells treated with GTI-2501 or a scrambled control analogue of GTI-2501 (GTI-2501scrA) were carried out. The blots were hybridized with 32 P-labeled probes that detect R1 mRNA, 28S rRNA, 18S rRNA, thioredoxin mRNA, ß-actin mRNA, GAPDH mRNA, thioredoxin reductase mRNA, ribosomal protein S9 mRNA, RNase MRP RNA, RNase P RNA and R2 mRNA.
under conditions where internal control 18s rRNA remained constant (Fig. 3A) . Fig. 3B demonstrates that GTI-2501 is both sequence and target specific. Treatment of A2058 melanoma cells with GTI-2501 resulted in a decrease in R1 mRNA while treatment with the scrambled control oligonucleotide had no effect. Furthermore, GTI-2501 specifically down-regulated R1 and not unrelated RNAs including 18S, 28S, thioredoxin mRNA, GAPDH mRNA and R2 mRNA (Fig. 3B) .
To determine whether a decrease in R1 mRNA translates into decreased R1 protein synthesis, AsPC-1 cells were treated with GTI-2501 and control oligonucleotides, as above, and newly synthesized proteins were labeled with 35 S-methionine. R1 was isolated from cell lysates by immunoprecipitation with an R1 specific antibody. Fig. 4A clearly demonstrates that GTI-2501 down-regulates R1 protein synthesis in a sequencespecific manner as scrambled and mismatched control oligonucleotides did not down-regulate R1. Furthermore, GTI-2501, but not the control oligonucleotides, down-regulated steady state levels of R1 protein as assessed by Western blot analysis in MDA-MB-231 cells (Fig. 4B) . GTI-2501 inhibited R1 expression in a dose-dependent manner that approximates the effects on proliferation (Fig. 2B) .
The observed sequence-specific down-regulation of R1 in a variety of cancer cell lines suggested that GTI-2501 could have broad anti-cancer activity in vivo.
GTI-2501 displays sequence-specific and dose-dependent anti-tumor activity against human tumor cell xenografts.
The sequence-specific anti-tumor activity of GTI-2501 is demonstrated in Fig. 5 . The anti-tumor activity of two preparations of GTI-2501 (manufactured by Proligo and Boston BioSystems) was compared to control treatments (saline and two scrambled controls). Growth of renal tumor xenografts was dramatically reduced in both GTI-2501 treatment groups, with complete regression in all but 2 of 10 mice. In contrast, tumor growth in the GTI-2501scr treatment groups was indistinguishable from that in the saline control group.
To determine whether GTI-2501 acts in a dose-dependent manner in vivo, mice bearing Caki-1 renal xenografts were treated with increasing amounts of GTI-2501 and tumor growth was assessed by measurement of tumor volume and weight. Doses of as little as 1 mg/kg every other day were sufficient to reduce tumor growth significantly (Fig. 6) . At a dose of 5 mg/kg every other day the tumors were stabilized and some regressed while at the maximum dose of 10 mg/kg every other day there was complete tumor regression in all treated mice by day 29. Scrambled and mismatched control oligonucleotides, at a dose of 10 mg/kg, did not have significant anti-tumor activity. Taken together these results demonstrate that GTI-2501 has sequence-specific anti-tumor activity.
Although it would be ideal to demonstrate target downregulation in these experiments, tumor shrinkage in the GTI- 
GTI-2501 is more effective than standard chemotherapeutic agents against renal tumor xenografts.
The anti-tumor efficacy of GTI-2501 was compared to those of 5-FU, gemcitabine and vinblastine for two reasons. First, treatment with current therapeutic agents would assess whether the effects of GTI-2501 on renal tumor growth is simply a reflection of these tumors having increased sensitivity to cytostatic and cytotoxic agents. Second, direct comparison to other drugs in clinical use would provide an indication of whether GTI-2501 has efficacy that warrants further drug development. GTI-2501 was the only treatment that resulted in complete regression of renal tumor xenografts (Fig. 7) . Furthermore, GTI-2501 anti-tumor efficacy was significantly better than that of either 5-FU, gemcitabine and vinblastine. Treatment with 5-FU, vinblastine and gemcitabine appear to become more effective over time, consistent with clinical experience with these drugs. In order to assess whether GTI-2501-induced tumor regression is long-lived, treatment of mice bearing A-498 xenografts was stopped at day 52 and mice were monitored for an additional 44 days. There were no tumor re-growths suggesting that GTI-2501 treatment cleared all tumor cells. Fig. 8 summarizes the results of a number of experiments that assessed the anti-tumor efficacy of GTI-2501 against 12 different tumor cell xenografts falling into 9 categories of tumor types. GTI-2501-treated mice had significantly lower tumor weights as compared to saline-treated controls. The anti-tumor efficacy ranged from approximately a 2-fold reduction in tumor size for ovarian tumors to complete regression of renal and breast tumors.
GTI-2501 displays anti-tumor activity against a wide range of solid tumor xenografts in vivo.
GTI-2501 treatment prolongs survival in a xenograft model of leukemia and lymphoma.
In addition to anti-tumor efficacy against solid tumors, GTI-2501 was tested in a human lymphoma experimental model. Mice injected with human Burkitt's lymphoma (Raji) cells rapidly developed disease and died within 28 days of injection when treated with saline or scrambled control oligonucleotide (Fig. 9A) . In contrast, treatment with GTI-2501 resulted in a dramatic increase in the survival of mice. Long-term survival of mice treated with GTI-2501 did not require ongoing treatment since discontinuation of GTI-2501 treatment at day 42 did not result in re-establishment of the disease for up to 36 days after treatment ended. In fact, GTI-2501-treated mice surviving to the end of the treatment period were sacrificed due to animal housing limitations and not disease progression. GTI-2501 treatment also dramatically prolonged the survival of mice injected with murine erythroleukemia (CB7) cells (data not shown). Saline-treated mice died between days 25 and 35 while 80% of GTI-2501-treated mice survived to the end of the 75 day study, at which time they were sacrificed due to animal housing limitations and not disease progression (data not shown).
GTI-2501 treatment decreases lung nodule formation in an experimental model of metastasis.
Finally, experiments assessed the effects of GTI-2501 on development of tumor nodules on the lungs of mice injected with highly metastatic human melanoma (C8161) cells. Initially cultured cells were treated ex vivo for 4 h, with GTI-2501 or Lipofectin vehicle alone, prior to injection into the tail vein of mice. After 4 weeks the mice were sacrificed, lungs excised and nodules on the lung surface counted. GTI-2501 but not the vehicle significantly reduced formation of lung nodules (unpublished data). To assess the ability of GTI-2501 to reduce metastasis in an in vivo model that more accurately reflects clinical practice, C8161 cells were first injected via the tail vein and mice were subsequently treated with saline, GTI-2501scrA or GTI-2501 after one day (Fig. 9B) . In vivo treatment with GTI-2501 was as efficacious as ex vivo treatment, virtually eliminating nodule formation.
GTI-2501 does not appear to function via CpG-mediated immune stimulation.
GTI-2501 contains a CpG motif that is predicted to be immuno-stimulatory (30) . Given the dramatic anti-tumor effects seen in SCID (T and B cell deficient) mice, a significant CpG-mediated effect is not expected. In addition, CpG-mediated effects are not generally observed under conditions of systemic administration with saline as the vehicle. To eliminate the possibility that GTI-2501 activates NK mediated anti-tumor activity, xenograft tumor growth experiments were repeated in SCID/beige mice (Fig. 10) . Treatment with GTI-2501 resulted in regression of human Caki-1 renal xenografts in SCID/beige mice in spite of the lack of NK, B or T cell function (Fig. 10) . Taken together these results suggest that the observed anti-tumor activity of GTI-2501 is not attributable to CpG-mediated immune stimulation.
Discussion
With the rapid expansion in understanding the underlying mechanisms involved in initiation and progression of cancer comes the opportunity to tailor drug development to the specific pathways involved in tumorigenesis thereby decreasing toxicity associated with current chemotherapeutics. Antisense compounds as a class, are uniquely suited to this emerging drug development trend. Antisense compounds Figure 9 . Anti-cancer efficacy in experimental models of lymphoma and metastasis. (A) The lymphoma survival assay was conducted as described in Materials and methods with GTI-2501, GTI-2501scrB or saline without oligonucleotide. The saline and GTI-2501scrB-treated mice died from disease progression by day 28. Treatment with GTI-2501 was stopped at day 42. All GTI-2501-treated mice survived to the end of the experimental period at day 78 (data not shown). (B) The lymphoma survival assay was conducted as described in Materials and methods with saline or 10 mg/kg/48 h GTI-2501 or GTI-2501scrA. The bars represent the mean number of lung nodules per mouse ± standard error. In the GTI-2501 treatment group there were no visible lung nodules. Figure 10 . Inhibition of Caki-1 renal carcinoma tumor growth by GTI-2501 in SCID/beige mice. The experiments with Caki-1 renal xenografts in SCID/beige mice were essentially the same as described for SCID mice (Figs. 5-7) . Each treatment group was composed of 10 mice and the data points reflect the mean of each treatment group. (A) Caliper measurements at 1-week intervals were used to calculate tumor volumes. P-values compared to saline: GTI-2501 P=0.0001, GTI-2501scrB P=0.9621. P-value of GTI-2501 compared to GTI-2501scrB was P=0.0001. (B) After 32 days the mice were sacrificed and the tumors weighed. Each bar represents the mean tumor weight and standard error calculated for each treatment group. P-values compared to saline: GTI-2501 P=0.0001, GTI-2501scrB P=0.8357. P-value of GTI-2501 compared to GTI-2501scrB was P=0.0001.
directly target mRNA and direct their degradation and inactivation. An oligonucleotide consisting of 20 nucleotides is sufficient to down-regulate target mRNA and at the same time is of sufficient length to provide exquisite specificity for the intended target. Furthermore, the availability of genome sequence allows for the selection of oligonucleotides that are unique to the intended target. Although clinical toxicities have been reported for antisense compounds, they are mild, reversible and associated with levels that are well above the therapeutically required dose. In addition, the administration schedule can be adjusted such that dose-limiting toxicities are minimized. Finally, oligonucleotide synthesis is scalable and becoming a financially feasible therapeutic option.
In choosing an appropriate target for down-regulation several factors should be considered. Expression of the target should be directly involved in tumor cell survival, growth or metastasis. Although not strictly required, there should be evidence for altered expression compared to normal tissues or at least there should be evidence for cancer cells having preferential requirements for the target such that a therapeutic window is available within which normal cell function is not significantly impaired. RNR, as a target fits the above criteria. Conversion of NTPs to dNTPs absolutely requires RNR and as such RNR sits as a gatekeeper to DNA synthesis and cell cycle progression. While normal cells require RNR activity there are few cells that are actively proliferating in adult tissues at a rate that approaches that of transformed cells. As a result cancer cells are likely to be differentially sensitive to loss of RNR activity. This is demonstrated by the activity of drugs such as hydroxyurea, gemcitabine and fluradabine that target RNR as part of their mechanism of action. Toxicity associated with these drugs is a result of low specificity for the therapeutic target resulting in pleiotropic effects in normal cells. The ability to specifically target the RNR complex would be expected to decrease toxicity while maintaining efficacy. Furthermore, long-term treatment with antisense compounds would not be expected to result in drug resistance as is commonly found with other RNR based therapeutics.
From a screen of PS-AS-ODNs encompassing the whole of the R1 mRNA sequence, GTI-2501 was chosen as a lead compound. The results of in vitro and in vivo experiments with GTI-2501 demonstrate sequence and target specific downregulation of R1 mRNA and protein expression. In addition to target down-regulation GTI-2501 effectively blocked growth of human tumor xenografts in mice. Anti-tumor efficacy was not observed with control oligonucleotides, indicating that GTI-2501 acts via a sequence dependent mechanism of action. Taken together the in vitro and in vivo data are consistent with GTI-2501 acting via an antisense mechanism of action.
GTI-2501 has a CpG containing hexameric sequence that matches the motif expected to be immune stimulatory in mice (30) . The in vivo experiments presented here were in CD-1 nude and SCID mice, which are immune deficient (T cell and B/T cell deficient respectively), suggesting that acquired immune responses are not required for GTI-2501 anti-tumor activity. To address whether there is NK mediated anti-tumor activity, the xenograft growth assay was repeated in SCID/ beige mice lacking NK, B and T cells. GTI-2501 demonstrated anti-tumor efficacy that was similar in kinetics and scale to what is observed in SCID mice suggesting innate immunity through NK cells is also not a significant factor in GTI-2501 anti-tumor efficacy (Figs. 6, 7 and 10 ). While there remains the possibility of an immune stimulatory component to GTI-2501 anti-tumor efficacy in immune competent subjects, the evidence would suggest that it would be secondary to sequence-specific effects.
Antisense compounds are potentially superior to conventional drugs for a number of reasons even when acting on the same target. Unlike current RNR-based drugs, GTI-2501 has the advantage of being highly specific and as a result is very well tolerated at therapeutically relevant dosages. A direct comparison of GTI-2501 to vinblastine, gemcitabine and 5-FU also demonstrates that this compound has superior anti-tumor efficacy in a human renal tumor xenograft model. GTI-2501 is the only compound in these studies that caused tumor regression of two renal tumor xenografts (A-498 and Caki-1). GTI-2501 treatment resulted in long-term protection from tumor re-growth even after treatment was stopped. In contrast, vinblastine, gemcitabine and 5-FU had decreased efficacy with no evidence of tumor stabilization or regression at therapeutically relevant dosages.
GTI-2501 efficacy was not limited to a subset of tumor types or even to a single experimental model of cancer. GTI-2501 demonstrated efficacy against a wide range of solid tumors including breast, ovarian, prostate, colon, pancreatic, lung, skin and brain. In addition, GTI-2501 was effective against leukemia and lymphoma, with a dramatic increase in the survival of mice compared to control treatments. Finally, treatment with GTI-2501, ex vivo and in vivo, but not the scrambled control oligonucleotides, virtually eliminated the formation of tumor nodules on the lungs of mice following injection of highly metastatic melanoma cells into mice via the tail vein. The ability of GTI-2501 treatment to effectively target cancer in a number of different experimental models is likely a reflection of the ubiquitous nature of the target. Given that RNR is not tumor-type specific one would expect GTI-2501 to be effective in a number of cancer models. Although R1 is up-regulated in a number of cancer cell lines, over-expression is not a requirement for it being a good anticancer target. This is in contrast to other antisense compounds currently in development that targets only a subset of tumor types in which the target gene is up-regulated (15) .
Although R1 levels were elevated in a number of cell lines there was no correlation between R1 levels and GTI-2501 efficacy. GTI-2501 given at 10 mg/kg/48 h results in almost complete down-regulation of R1 mRNA in HT-29 cells, which express the highest levels of R1, suggesting that the therapeutic dose is sufficient for all tumors tested. Alternatively, there may be differences in how well GTI-2501 is transported into target cells and as such it would be difficult to predict tumor sensitivity based on target mRNA levels. A study by Miraglia et al, demonstrated that the target mRNA level can vary greatly with little difference in the efficacy of antisense down-regulation (31) . This may be a reflection of an excess of ODN present in the cells (31) . In addition, RNAse Hmediated cleavage may adjust to increasing RNA/DNA duplex formation such that differences in mRNA target levels do not limit degradation.
In addition to stalling proliferation via inhibition of RNR, down-regulation of R1 expression may also impact DNA repair via inhibition of p53R2-mediated dNTP supply to the repair machinery (5-7). p53R2 can form an active ribonucleotide reductase complex with R1 to generate an acute supply of dNTPs required for DNA repair (8) . RNR R2 is not up-regulated during DNA damage and as a result supply of dNTPs is mediated via p53-regulated p53R2. The requirement of RNR R1 for both DNA replication and repair is consistent with its expression across the entire cell cycle, unlike RNR R2, which is tightly regulated. Radiation treatment and many chemotherapeutic agents lead to DNA damage. Consequently, R1 down-regulation may sensitize cells to apoptosis-inducing DNA damaging agents by limiting dNTP pools required for DNA repair. Studies are underway to assess the role of R1 in DNA repair and chemo-sensitization.
GLP toxicology and pharmacokinetic studies in rats and monkeys demonstrate that GTI-2501 is similar to other PS-AS-ODNs and as a result support the safety of GTI-2501 (unpublished data). As a result of promising pre-clinical studies and GLP toxicology studies a phase I trial was initiated in patients with solid tumor malignancies or lymphoma for which there is no current treatment or for whom all available treatments have failed. In conclusion, the results presented in this study strongly support the development of GTI-2501 as a target-specific agent against a broad range of cancers.
